Mucosal surfaces represent the primary portal of entry into animals for a variety of pathogens, including human immunodeficiency virus type 1 (HIV-1). Due to functionally distinct compartmentalization of the immune system, the systemic routes of immunization are usually of limited value for the prevention of some mucosa-contracted infectious diseases, while mucosal immunization is capable of inducing both mucosal and systemic immunity (18, 26, 46) . Thus, induction of strong mucosal immunity is important for the development of effective vaccines. In particular, immunization targeting local mucosal surfaces or the regional lymph nodes to elicit both humoral and cellular specific immune responses may present a strategy for preventing or controlling HIV-1 replication as well as that of other mucosally transmitted pathogens (2, 29, 30) .
Recombinant influenza viruses engineered to express foreign antigens have successfully induced a vigorous immune response in mice immunized by the intranasal route (11, 17, 31, 40, 47) . In particular, the ability of influenza virus to infect dendritic cells and promote their phenotypic conversion to mature and effective antigen-presenting cells is thought to play the most significant role in the induction of immunity to foreign antigens delivered by recombinant virus (6, 12, 39) .
Previous studies showed that progesterone pretreatment overcomes the age-dependent resistance of adult mice to vaginal herpes simplex virus type 2 (HSV-2) infection, making them a suitable model for long-term studies of immunity (42, 43) . Progesterone treatment was also reported to increase the susceptibility of rhesus macaques to genital infection by simian immunodeficiency virus (33) and of mice to infection by Chlamydia trachomatis (49) . Here, we evaluate whether an influenza virus can replicate in the mouse vaginal tract and induce mucosal immunity to an HIV-1 epitope. To this end, we generated a recombinant influenza A virus (Flu/P18IIIB), expressing the P18IIIB cytotoxic T-lymphocyte (CTL) epitope derived from the V3 loop of HIV-1 IIIB envelope protein (residues 315 to 329, RIQRGPGRAFVTIGK) (H-2D d ) (45) in the neuraminidase stalk of A/WSN/33 (WSN) virus, by reverse genetics (10, 15) . Flu/P18IIIB virus was attenuated in BALB/c mice; its dose required to kill 50% of infected mice (MLD 50 ) was 10 6 PFU upon intranasal inoculation, whereas the MLD 50 of the wild-type WSN virus was 10 2.5 PFU.
Intravaginal infection of mice with influenza A virus.
Groups of female BALB/c mice (Charles River, Calco, Italy), 6 to 8 weeks old, were subcutaneously injected with 3 mg of progesterone (Depo-Provera; Pharmacia & Upjohn), and 5 days later they were vaginally infected with influenza viruses (3 ϫ 10 5 PFU/10 l). Titers of virus in the vaginal washes were determined with MDCK cells.
Viral replication was evident with the highest titers of virus present in vaginal washes on days 3 to 5 (Fig. 1A) . By contrast, the virus did not efficiently replicate in untreated control mice (Fig. 1B) . On day 7, virus was not detected in any of the vaginal wash samples. Viral replication patterns similar to those seen with Flu/P18IIIB virus were obtained with the wild-type A/WSN/33, A/PR/8/34 (PR8), and X-31 viruses (data not shown). These data suggest the presence of a protease responsible for cleavage of PR8 and X-31 viral hemagglutinin in vaginal tissues.
To assess virus replication in vaginal mucosa, we inoculated groups of mice with log dilutions of the A/WSN/33 virus inoculum (2 ϫ 10 4 to 2 ϫ 10 7 PFU). In the group vaginally infected with influenza virus at 2 ϫ 10 4 PFU, low or undetectable levels of virus were present in vaginal washes collected during the early phases of infection (5 h and 1 day postinfection). Nonetheless, the influenza virus titers peaked on days 3 to 5, with titers comparable to levels obtained with the higher inoculum, and the virus was cleared by day 7 (data not shown). Notably, the vaginal inoculation of mice with 50 MLD 50 of WSN virus (as determined by intranasal inoculation) was well tolerated, producing no obvious signs of illness (e.g., distress, weight loss, or ruffled fur).
Induction of mucosal and systemic cellular immune responses by vaginal immunization with Flu/P18IIIB virus. We next investigated whether vaginal infection with influenza virus would elicit CTLs specific for the minimal P18IIIB-I10 epitope (RGPGRAFVTI) and the immunodominant epitope NP147 (TYQRTRALV) (8) (H-2K d ) of influenza virus nucleoprotein (NP) in the spleen and iliac lymph nodes (ILNs) draining the genitorectal mucosa. ILN-derived lymphocytes of mice vaginally infected with Flu/P18IIIB virus, cultured for 3 days in the presence of 10 U of recombinant interleukin 2/ml and without antigen stimulation, demonstrated a major histocompatibility complex-restricted antigen-specific CTL response that peaked around day 5 postinfection, with 92% and 90% mean levels of specific lysis determined for the respective HIV P18IIIB-and NP-derived epitopes at the effector-to-target (E:T) ratio of 50:1 ( Fig. 2A) . Similarly, the splenocytes isolated at the same time points and restimulated in vitro with specific peptides for 6 days showed strong CTL activity against both P18IIIB-and NP-derived epitopes, although the response on day 9 postinfection was greater (Fig. 2B) .
We also used intracellular cytokine staining for gamma interferon (IFN-␥) to identify and quantify CTLs that were functionally reactive to the P18-I10 peptide. CD8 ϩ T cells (gated for CD8) from the ILNs, isolated 5 days postimmunization and cultured in vitro for 3 days without exogenous antigen stimulation, were examined by flow-cytometric analysis for IFN-␥ production following in vitro peptide-specific stimulation for 5 h in the presence of brefeldin A (37) . Approximately 3 and 1.3% of CD8-and IFN-␥-positive cells were specific for P18-I10 and NP147, respectively (Fig. 2C ). Background IFN-␥ staining for immunized mice that were not stimulated with peptide was low, similar to that for the isotype control immunoglobulin (data not shown). Reactivity was not detected using irrelevant peptides that bind to the same major histocompatibility complex molecule in preliminary experiments. CTL memory responses in vaginally immunized mice. To determine whether systemic memory CTL responses were induced by vaginal immunization, we harvested splenocytes from Flu/P18IIIB-infected mice at 5 months after the single immunization, restimulated them in vitro, and tested for peptidespecific CTL activity. CTL effector cells specific for both the P18-I10 and the NP147 epitopes were detected and produced 41% and 64% specific lysis, respectively, against peptidepulsed target cells when tested at an E:T ratio of 50:1 (data not shown), demonstrating induction of systemic memory CTL responses by vaginal immunization.
To examine CTL memory within the mucosal immune compartments of vaginally infected mice in vivo, we evaluated the rapid recall of memory T cells after reexposure to antigen. We therefore vaginally infected groups of naïve mice and those vaginally immunized with Flu/P18IIIB virus with a recombinant vaccinia virus expressing the HIV-1 IIIB envelope gene products (vPE16) (14) at 5 months postimmunization.
As shown in Fig. 3 , the CTL response from ILN-derived cells of immunized mice at 3 days after vPE16 challenge resulted in significant lysis of 51 Cr-labeled P815 cells pulsed with P18-I10 peptide, which was absent in the control groups of nonimmune mice. Immune and naive mice showed high CTL activity at 5 days after vaginal infection with vPE16 (Fig. 3A) . The CTL response from in vitro-restimulated splenocyte effectors of immunized mice showed a time course typical of that of a secondary immune response. The detectable levels of CTL activity to P18-I10 peptide on day 3 increased to substantial levels on day 5 after challenge. By contrast, the primary response of splenocytes derived from the naive mice was not detectable even on day 5 after VPE16 infection (Fig. 3B) . These results indicate that antigen-specific memory T cells were still present in mucosal as well as systemic lymphoid tissues at 5 months after Flu/P18IIIB virus immunization. Long-lived memory CTL activity in distant mucosa-associated lymph nodes. The mucosa of the genital tract is part of the common mucosal immune system; hence, intranasally administered antigens induce specific mucosal immune responses at local as well as distant sites, including genital tissues and draining lymph nodes (18, 34, 40) . Therefore, we examined whether memory CTL activity, induced by intranasal immunization of anesthetized mice with 6 ϫ 10 5 PFU of Flu/P18IIIB virus, is detectable as a rapid recall of effector CTLs in the ILN of mice infected vaginally with vPE16 4 months later. As described above, the CTL response of ILN-derived lymphocytes was determined for both naive and immunized groups of mice sacrificed on days 3 and 5 after vPE16 challenge. High levels of P18-I10-specific CTL activity were detectable in the ILN and spleen of immune mice as early as 3 days after vPE16 infection (Fig. 4) . By contrast, naive mice showed specific CTL activity in the ILN only by day 5 (Fig. 4A ) and in the spleen by day 7 (data not shown). These findings confirm the ability of influenza virus-based vaccines to prime the immune system for mucosal challenge, even from a distant site. tion. We therefore measured influenza virus-specific antibodies in serum samples and vaginal lavages by enzyme-linked immunosorbent assay (52) . Immunoglobulin G (IgG) specific for influenza virus was detected in serum, but not in vaginal washes, at 2 weeks postinfection (Fig. 5) , prompting us to vaginally infect mice twice (with a 2-week interval) and test for virus-specific antibodies 2 weeks after the second infection. The level of virus-specific IgG in serum was higher in mice receiving the virus twice than in those receiving it once, and vaginal IgG was also detected in the former group. Virusspecific IgA antibodies in vaginal washes were detected at lower levels than IgG and not in all mice tested (data not shown).
Here we demonstrate that upon vaginal infection, influenza virus can induce long-term cellular immune responses in mice, at both mucosal and systemic sites, against its own as well as foreign epitopes. The vaginal inoculation of mice with influenza virus also induced humoral responses in sera and vaginal secretions.
In mammals, most influenza A viruses produce acute infections that usually remain confined to epithelia lining the respiratory tract. In this study, we found that progesterone-treated BALB/c mice support vaginal replication of the influenza viruses tested. The effect of the estrous cycle on the progesterone-induced susceptibility to vaginal infection by HSV-2 in adult BALB/c mice has been previously reported and has been suggested to be related to the increased permeability of the epithelial layer or to other factors, such as possible changes in virus receptors on the epithelial cells (42, 43) . Studies are in progress to characterize the sites of virus replication and the extent of inflammation (by immunohistochemistry) in the female genital organs of mice after influenza virus infection.
Much effort has been exerted to induce strong HIV-specific mucosal immunity. HIV-specific segretory IgA antibody with neutralizing activity in secretions on the mucosal surface is thought to be important for preventing HIV infection (9, 13) . In addition, an ideal vaccine capable of preventing transmission or dissemination of sexually acquired pathogens may rely on the induction of antigen-specific CTLs in genital and rectal tissues and draining lymph nodes (3, 5, 29, 30) . ILNs function as an inductive site from which T and B cells home preferentially to the vaginal, cervical, and rectal mucosa (36) . Thus, localization of sensitized T and B cells in these lymph nodes might be essential to preventing HIV transmission by virusinfected Langherans cells, dendritic cells, or macrophages from the mucosal tissues to the lymph nodes. In this context, rectal and vaginal immunization of mice with peptides, plasmid DNA, or viral vectors has been shown to induce detectable CTLs in ILNs, in some cases in association with reduced replication in the ovaries of vaccinia virus expressing the HIV-1 gene (2, 50) . For the most part, this CTL response was en -FIG. 3 . CTL memory upon vaginal infection with Flu/P18IIIB virus. Mice were vaginally infected with 3 ϫ 10 5 PFU of Flu/P18IIIB virus and infected with 2 ϫ 10 7 PFU of vaccinia vPE16 virus 5 months later. Naive (unimmunized) mice were also infected with vPE16 and served as a control representing the magnitude of a primary response. ILNs (A) and spleens (B) were removed at day 3 or 5 after vaginal vPE16 infection. The ILNs were cultured without antigen stimulation for 3 days before being tested in a CTL assay. Spleen cells were stimulated for 6 days in vitro with irradiated P18-I10 peptide-loaded stimulators before being examined for CTL activity. CTLs were assayed with P18-I10 peptide-pulsed P815 cells used as targets. Mean lysis values (Ϯ standard deviation) measured at an E:T ratio of 50:1 are shown.
FIG. 4.
Long-term memory in the genital organ-associated lymphoid tissues and spleens of mice intranasally infected with Flu/ P18IIIB virus. Five mice intranasally infected with 3 ϫ 10 5 PFU of Flu/P18IIIB virus were vaginally infected with 2 ϫ 10 7 PFU of vPE16 4 months later. Naive (unimmunized) mice were also infected with vPE16 and served as a control representing the magnitude of a primary response. ILNs (A) and spleens (B) were removed at day 3 or 5 after vaginal challenge. Following 3 days of in vitro culture without antigen stimulation for ILN and 6 days of culture with irradiated P18-I10 peptide-loaded stimulators for spleen cells, the presence of CTL effectors was evaluated in a 51 Cr release assay, with P18-I10 peptidepulsed P815 cells used as targets. The results are plotted as the mean net percentage of specific lysis (Ϯ standard deviation) at an E:T ratio of 50:1. hanced by the coadministration of cytokines or cytokine-expressing plasmids, suggesting that appropriate costimulators play an essential role in inducing an appropriate immune response (4, 24) . Our studies suggest an alternative approach: the use of influenza virus for vaginal immunization. Influenza A viruses are strong inducers of cellular immune responses. In particular, the capacity of influenza viruses to infect dendritic cells and to express viral genes at high levels allows the antigen-presenting cells to initiate an appropriate response that may have practical implications for local vaginal immunization strategies (6, 12) . The concept of the common mucosal immune system implies that an immune response may occur in distal mucosal sites in addition to the site of vaccine administration (26, 28, 35, 51, 53) . The induction of specific humoral immune responses in the genital tract of intranasally immunized mice is well documented (7, 34) . Muster et al. (40) showed that replication of a chimeric influenza virus carrying the neutralizing gp41 epitope ELDKWA in the upper respiratory tract was sufficient to induce a systemic antibody response as well as a local immune response in the genital tract.
The induction and maintenance of antiviral long-term CTL memory responses in mucosa-associated lymphoid organs depend on mucosal immunization (18) (19) (20) 27) . By examining rapid recall responses after reexposure to antigen in vivo, Gallichan and Rosenthal (18) demonstrated that intranasal immunization of mice with an adenoviral vector expressing the gB (AdgB8) antigen of HSV-2 resulted in long-term CTL memory not only in the local mucosal tissues of the respiratory tract but also in the mucosal tissues of the genital tract. Long-term memory CTL responses to foreign epitopes have been previously reported upon intranasal immunization with recombinant influenza viruses (11, 48) . Ferko et al. (17) showed that a recombinant influenza virus containing an insertion of the 137 C-terminal amino acids of the HIV-1 Nef protein into the NS1 reading frame was able to induce a CD8 ϩ -T-cell response in mouse spleen and lymph nodes draining the urogenital tract. Excellent priming induced in the distal genitorectal draining lymph nodes by recombinant influenza virus has also been recently reported (21) . Thus, the influenza virus system is a robust model for induction of a CTL response to protective CTL epitopes. Studies are in progress to determine the effect of the mucosal immunity induced by recombinant influenza virus given vaginally on long-term protection from challenge with pathogens.
Recent efforts in AIDS vaccine research focus on stimulation of strong cellular immune responses, with prime-boost regimens relying on viral vectors for antigen delivery. There will likely be no optimal type of mucosal vaccine; rather, the immunization protocol may specify combinations of different vaccine vectors, which could present the same or related antigens differently to the immune system or to alternative sites, to induce optimal immunity against the pathogen of interest (1, 16, 23, 25, 44, 54) . Thus, mucosal vaccination represents one of several methods that may prove useful in establishing effective immunization protocols. The positive effect of recombinant influenza and vaccinia viruses on the immune response against a foreign epitope has already been described (21, 22, 32, 38, 41) . However, our success in inducing a specific immune response via the vaginal route of immunization with a recombinant influenza virus provides a basis for further research on combination vaccines for sexually transmitted diseases. Direct application of an antigen to the target mucosa may be the most efficient way to induce a local protective immune response. The administration of large doses of recombinant virus by this route is likely to be of practical interest because of the magnitude of systemic and local immune responses that may block, or at least limit, the entry of sexually transmitted pathogens.
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